Ambras syndrome (AS) is a rare form of congenital hypertrichosis with excessive hair on the shoulders, face and ears. Cytogenetic studies have previously implicated an association with rearrangements of chromosome 8. Here we define an 11.5 Mb candidate interval for AS on chromosome 8q based on cytogenetic breakpoints in three patients. TRPS1, a gene within this interval, was deleted in a patient with an 8q23 chromosomal rearrangement, while its expression was significantly downregulated in another patient with an inversion breakpoint 7.3 Mb downstream of TRPS1. Here, we describe the first potential long-range position effect on the expression of TRPS1. To gain insight into the mechanisms by which Trps1 affects the hair follicle, we performed a detailed analysis of the hair abnormalities in Koa mice, a mouse model of hypertrichosis. We found that the proximal breakpoint of the Koa inversion is located 791 kb upstream of Trps1. Quantitative real-time polymerase chain reaction, in situ hybridization and immunofluorescence analysis revealed that Trps1 expression levels are reduced in Koa mutant mice at the sites of pathology for the phenotype. We determined that the Koa inversion creates a new Sp1 binding site and translocates additional Sp1 binding sites within a highly conserved stretch spanning the proximal breakpoint, providing a potential mechanism for the position effect. Collectively, these results describe a position effect that downregulates TRPS1 expression as the probable cause of hypertrichosis in AS in humans and the Koa phenotype in mice.
INTRODUCTION
Ambras syndrome (AS) (OMIM 145701) is a rare form of congenital hypertrichosis in which the body is covered with long, fine, vellus-type hair. The phenotype is accentuated on the shoulders, ears and face, including the forehead, eyelids, cheeks and nose (1) . In addition to hypertrichosis, patients display abnormal facial features such as a triangular, coarse face, a bulbous tip of the nose, a broad intercanthal distance and long palpebral fissures (1) . Additional facial abnormalities include small and anteverted nares, thick nasal wings, a long, prominent philtrum with a deep groove, a thin vermilion border, a trapezoid mouth and telecanthus, as well as bone abnormalities, such as multiple exostoses, postaxial rudimentary hexadactyly and a low insertion of the first metacarpal (1-4).
GenBank accession nos: Koa distal breakpoint: AY757365; Koa proximal breakpoint: AY757366.
Cytogenetic studies have implicated an association with rearrangements of chromosome 8, with a common breakpoint in 8q22-8q24 in three potential AS patients (1) (2) (3) 5, 6) . One patient [referred to as ME-1 in Baumeister et al. (1) ] was shown to have a pericentric inversion of chromosome 8, inv (8) (p11.2q22) (1) . We previously performed a detailed cytogenetic and molecular analysis of this patient and found that the inversion breakpoint in 8q23 did not result in a gene disruption, but instead suggested that the phenotype may be due to a position effect on a nearby gene (6) . A second patient [referred to as SS-1 in Balducci et al. (2) ] was reported with a paracentric inversion of chromosome 8, inv (8) (q12q22) (2) . We performed additional cytogenetic analysis and demonstrated that the chromosomal rearrangements were more complex than originally reported, and involved an insertion of 8q23-8q24 to a more proximal location on 8q, and a large deletion within 8q23, 46, XX, rea (8) (8pter! 8q13::8q23.2!8q24.1::8q13!8q23.1::8q24.1!8qter) (5) . Finally, a third patient (BN-1) with features similar to AS was reported with a deletion in chromosome 8q24 (3) . While the diagnosis of patient SS-1 as an AS patient was earlier questioned in the literature because of phenotypic variation from patient ME-1 (7) (8) (9) , and patient BN-1 was not originally reported to have AS, we postulate that the similar pattern of hair distribution between the three patients mentioned, their associated facial anomalies and the proximity of their cytogenetic rearrangements provide convincing evidence that these three patients unequivocally have AS. Given the rarity of the disorder, and the fact that all three patients have breakpoints in the 8q22-8q24 region, we hypothesized that a position effect on a gene within this region plays a causative role in AS.
A position effect is defined as an alteration in gene expression caused by a change in the position of a gene relative to its native chromosomal surroundings (10) . Gene expression can be affected by a variety of mechanisms, for example, disruption of transcriptional regulation in cis and/ or modification of the surrounding chromatin structure (10, 11) . Position effects have classically been demonstrated in instances where the chromosomal breakpoint occurs at a considerable distance from a disease gene in which intragenic mutations have previously established causality for the disorder (10, 11) . However, in other instances the position effect may generate a distinct phenotype from the one(s) caused by loss-of-function mutations in the coding region of the same gene (11) , as is the case for the role of SHH in preaxial polydactyly (12) . These differences in phenotype may be attributed to separation of the gene from a tissue-or temporal-specific modifier of gene expression, such as an enhancer or repressor element, in the case of the position effect (10, 11) . Indeed, the majority of genes affected by position effects that disrupt transcriptional regulation encode transcription factors that are active in a specific subset of cell types during development that require complex regulation of their expression (10, 11) .
One intriguing candidate gene that maps to 8q23 and fits the description above is trichorhinophalangeal syndrome 1 (TRPS1), a vertebrate transcription factor that contains nine zinc finger motifs, including a GATA-type zinc finger and two Ikaros-like zinc fingers (13, 14) . We and others have shown that Trps1 localizes to mesenchymal cells during mouse embryogenesis, where it is expressed in the maxilla, mandible, philtrum, nose, muzzle, precartilaginous condensations on the vertebral axis, phalanges and joints of the limbs, and the developing vibrissae and pelage follicles (14) (15) (16) (17) . Recently, we demonstrated that Trps1 is also expressed in the nuclei of mesenchyme-derived dermal papilla cells and the highly proliferative epithelial cells of adult mouse, rat and human hair follicles (17) .
Heterozygous mutations in TRPS1 in humans result in autosomal dominant inheritance of trichorhinophalangeal syndrome types I and III (TRPS I, OMIM 190350; TRPS III, OMIM 190351) (13, 18) . Patients have sparse and slowgrowing scalp hair and exhibit a number of craniofacial and skeletal abnormalities, including a bulbous nose, a long, flat philtrum, a thin upper vermilion border, protruding ears, coneshaped epiphyses at the phalanges, hip malformations and short stature (19) (20) (21) . Similarly, homozygous mutant mice in which the GATA-type zinc finger domain of Trps1 was deleted (Trps1 tm1.1Shiv/tm1.1Shiv ) completely lack vibrissae follicles and have a number of craniofacial and skeletal defects that mirror the phenotypic characteristics of human TRPS patients (16) . Furthermore, Trps1 2/2 mice were recently generated and reported to have defects in hair follicle development and chondrocyte proliferation. Heterozygous Trps1 þ/2 mice are viable with sparse pelage follicles, whereas homozygous Trps1 2/2 mice die around birth and have severe hair follicle defects (22) . While the affected sites of the Ambras phenotype roughly mimic those of TRPS I, surprisingly, the hair phenotypes are essentially opposite. AS is characterized by hair overgrowth, whereas TRPS I is typified by sparse hair. As previously mentioned, one explanation for such findings (11, 12 ) is a position effect that disrupts regulation of TRPS1 as the molecular basis for the Ambras phenotype.
The koala (Koa) mouse has a hypertrichosis phenotype that shows striking parallels to AS in humans. The koala mutation is a semidominant, radiation-induced chromosomal inversion near the mouse ortholog of Trps1. Adult Koa/þ and Koa/ Koa mice have excessive hair growth around the muzzle and on both surfaces of the pinnae (23, 24) . The Koa inversion was mapped to the distal half of chromosome 15, in a region syntenic to human chromosome 8q (24) . More recently, the inversion was shown to span approximately 52 Mb of mouse chromosome 15 (25) .
Using comparative genetic approaches and morphological analysis between Koa mice and AS patients, we defined a position effect on TRPS1 associated with hypertrichosis in both mice and humans.
RESULTS

Genetic rearrangements in human chromosome 8q that result in Ambras syndrome
Detailed cytogenetic analysis of patient ME-1 mapped the inversion breakpoint to a region of 8q23 between markers RH62508 and WI-11219 (Fig. 1A) . Cloning and sequencing of the breakpoint indicated that it occurs between RSPO2 and EIF3S6 but does not disrupt either gene (6) . We also performed loss of heterozygosity (LOH) mapping with markers from 8q22 -23 in this patient and found no microdeletions (data not shown).
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Human Molecular Genetics, 2008, Vol. 17, No. 22 In order to determine the borders of the deleted interval in the second patient, SS-1, at higher resolution, fluorescence in situ hybridization (FISH) analysis was performed with BAC clones that map to 8q23. Eleven BAC clones from this interval were tested, and four of these were deleted on the rearranged chromosome 8. The borders of the deleted interval were mapped between BAC clones RP11 -419L20 and RP11 -536K17, corresponding to an interval of approximately 6.7 Mb, and encompassing EBAG9, GOLSYN, KCNV1, CSMD3 and TRPS1 (Fig. 1A) .
To more precisely define the borders of the deleted interval in patient SS-1, we performed extensive deletion mapping analysis using polymorphic markers from 8q22-24. Eighty-four markers from chromosome 8 were tested, completely saturating the interval between the genes EIF3S6 and TRPS1. All of the available markers from the Marshfield sex-average based map between 118 and 127 cM (26) were used, in addition to microsatellite markers that were generated on the basis of the known sequence data. In agreement with the cytogenetic data, a deletion was detected within chromosomal band 8q23. The borders of the deleted interval were established between markers D8S1122 and D8S1694, which corresponds to a region of approximately 7.9 Mb. This distance overestimates the size of the deleted interval however, as there are no informative markers between D8S1122, which is still present on the rearranged allele, and D8S1047, which is the first marker with which a deletion can be observed. A deletion was detected for markers D8S1047, D8S2320, CHLC.GATA152D02, D8S588, CHLC.GA-TA101F01 and TAGA on the paternal allele (Fig. 1A) . In order to determine whether the third patient, BN-1, has any cytogenetic anomalies in the same chromosomal regions as patients ME-1 and SS-1, FISH analysis was performed using BAC clones that were found to either encompass the breakpoint in patient ME-1 (BAC clone KB115353C10) or to be deleted in patient SS-1 (BAC clones RP11-403P13, RP11 -697C18, RP11 -558B2, RP11 -185B9). No abnormalities were detected using these FISH probes.
To ascertain whether the deletion in patient BN-1 overlaps with the deleted interval in patient SS-1, deletion analysis was performed using markers spanning 8q23 -8q24. No deletions were detected for markers D8S1047, D8S1043 and CHLC.GATA152D02, all of which were deleted in patient SS-1. Deletions were confirmed for markers 46F10CA, D8S199 and D8S269 (Fig. 1A) , in agreement with the results reported by Wuyts et al. (3) . In each case, the deletion was detected on the paternally-derived allele.
In summary, the genetic aberrations of the three AS patients map within 11.5 Mb of one another on chromosome 8q, in and around TRPS1. None of the breakpoints in these chromosomal rearrangements disrupt the coding sequence of a gene. Patient ME-1 has a pericentric inversion with a breakpoint in 8q23.1 that lies 7.3 Mb centromeric of TRPS1. Patient SS-1 has a large deletion in 8q23, mapping to a 6.7 Mb interval between markers D8S1122 and D8S1200. TRPS1 falls within this deletion interval, 0.5 Mb from the telomeric border. Finally, patient BN-1 carries a 1.5 Mb deletion in 8q24, the centromeric end of which lies 2.1 Mb upstream of TRPS1 (Fig. 1A) . As there is no overlap between the breakpoints in the three patients, the entire 11.5 Mb interval between markers RH62508 (the first marker centromeric to the breakpoint in patient ME-1) and D8S269 (the most distal marker deleted in patient BN-1) was defined as the candidate interval. There are 20 genes present within this region of chromosome 8q, including TRPS1.
Reduced expression of TRPS1 in an Ambras patient with an inversion breakpoint in 8q23
In order to ascertain the genomic status of TRPS1 in AS patients ME-1 and SS-1, we performed Southern blot analysis on genomic DNA obtained from the two patients and control individuals using TRPS1 cDNA as a probe. As expected, hybridization signals for patient ME-1 were roughly equivalent to those of control individuals, indicating that no large-scale genomic anomalies occurred in TRPS1 in this patient. However, Southern blot probe hybridization signals were noticeably less intense than in control individuals for patient SS-1, suggesting a deletion of one copy of TRPS1 (Fig. 1B) .
To determine the effect of the inversion in patient ME-1 on TRPS1 transcript expression, RNA was isolated from lymphoblast cell lines derived from the blood of the patient and an unaffected parent. qRT-PCR analysis was performed to examine the expression of TRPS1 and additional transcripts spanning 8q23 -q24, including OXR1 (centromeric of the inversion breakpoint in patient ME-1), EBAG9 (within the deletion interval of patient SS-1) and RAD21 (telomeric of the deletion in patient SS-1).
Strikingly, patient ME-1 had a 97.35% reduction (+0.16%; p , 0.0001) in TRPS1 expression when compared with an unaffected parent (Fig. 1C) . Importantly, there were no significant changes in the expression of the nearby genes OXR1 and EBAG9 in patient ME-1, and a modest 13.60% increase (+4.57%; p , 0.05) in RAD21 expression (Fig. 1C) . No RNA sample was available for patient BN-1, hence qRT-PCR analysis was not possible in this proband. This result demonstrates that an inversion breakpoint 7.3 Mb downstream of TRPS1 significantly reduces the expression of the gene, consistent with a position effect.
Hair abnormalities in Koa mutant mice
Koa/Koa embryos are smaller than their Koa/þ and wild-type (þ/þ) littermates, and have a curved back and a flatter, wider head ( Fig. 2A) . As previously reported, Koa/Koa embryos often have open eyelids at birth (23, 24) . Adult Koa mice have long hair on both surfaces of the pinnae and around the muzzle ( Fig. 2B) (23, 24) . In wild-type mice, the outer surface of the pinna is covered by a uniform group of short, broad, widely-spaced hair fibers and the epidermal surface is visible, whereas the inner surface of the ear is concealed by a relatively dense population of uniformly-sized, broad, elongated hair fibers, with a visible epidermal surface ( Fig. 2C and E ). In contrast, in Koa/þ, both the outer and inner surfaces of the pinna are obscured by a dense population of long, heterogeneous hair fibers (Fig. 2D ). Scanning electron microscopy (SEM) images revealed that the fibers on the inner surface of the Koa/þ pinna resembled those of truncal (pelage) hair types, specifically auchene, awl, guard and zigzag fibers (Fig. 2F) .
The hair fibers covering the muzzle of Koa/þ mice also included pelage hair types. Whereas only straight hairs were detected in a wild-type muzzle (excluding vibrissae), both straight and zigzag hairs were found in a Koa/þ muzzle ( Fig. 2G-J) , where the zigzag hairs made up nearly 50% of the muzzle hair fibers. Furthermore, the straight hairs on the Koa/þ muzzle were significantly longer (2.95 + 0.07 mm) than the straight hairs on the wild-type muzzle (1.61 + 0.04 mm; p , 0.0001) (Fig. 2K ). No differences were observed in SEM images of wild-type versus Koa/þ vibrissae fibers (data not shown), and the difference in length of vibrissae hairs in wild-type (14.51 + 0.97 mm) and Koa/þ (13.46 + 0.98 mm) mice was not statistically significant (Fig. 2K ). The dorsal skin and pelage follicles of Koa/þ and Koa/Koa mice were also indistinguishable from wild-type (data not shown). The Koa mouse therefore represents a rodent hypertrichosis model in which the ears and muzzle are predominantly affected, identical to the pattern of excessive hair growth in Ambras patients.
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Characterization of the Koa inversion breakpoint
The Koa inversion was previously mapped to the distal half of chromosome 15 (24) , in a region syntenic to human chromosome 8q. To determine the precise sequences of the Koa inversion breakpoints, the distal breakpoint was further mapped by FISH analysis on metaphase chromosome spreads from a Koa/þ mouse. The Koa distal inversion breakpoint was localized between two overlapping BAC clones, RPCI23-304J12 and RPCI24 -161E24 (Fig. 3A) . A series of 0.5 -1 kb Southern blot probes of unique sequence were then amplified by PCR from BAC DNA templates and used to analyze a region of approximately 90 kb using DNA from a Koa/þmouse and its C3H/HeHþ/þlittermate. A 2.1 kb band of altered size was identified using Southern blot probe Koa-P14 (Fig. 3B ) and subsequently cloned into a pBlueScript plasmid, allowing for identification of the Koa distal inversion breakpoint. The proximal breakpoint sequence was determined by direct sequencing of a 1.8 kb PCR product amplified using primers flanking the breakpoint. Mapping of both breakpoint sequences to the current mouse genome assembly using the UCSC Genome Browser (http://genome.ucsc.edu/) revealed that neither breakpoint interrupts a gene. The distal breakpoint lies between Hoxc4 and Smug1, while the proximal breakpoint lies between Trps1 and Eif3s3, and is located 791 kb upstream of Trps1 (Fig. 3A) . Analogous to what we observed in the (C-F) Scanning electron microscopy revealed that the inner surface of the Koa/þ pinna is obscured by a dense population of long, heterogeneous hair fibers that resemble pelage hair types, specifically auchene, awl, guard and zigzag. (G-J) Whereas only straight hairs were detected in a wild-type muzzle (excluding vibrissae), both straight and zigzag hairs were found in a Koa/þ muzzle. Both straight and zigzag hairs were present in the foreheads of wild-type and Koa/þ mice. (K) A bar graph illustrating that the straight hairs on the Koa/þ muzzle were significantly longer than the straight hairs on the wild-type muzzle, whereas the difference in length of vibrissae hairs was not statistically significant. Data are represented as mean + SD.
Ambras patient with an inversion mutation (patient ME-1), the Koa proximal inversion breakpoint likewise does not disrupt a gene, and lies very near to Trps1.
Reduced expression of Trps1 in Koa mutant mice
The Koa proximal breakpoint is within 1 Mb from the Trps1 coding sequence, and as such, it potentially disrupts the regulatory region of this gene. We next compared Trps1 expression between wild-type and Koa mutant mice. qRT-PCR was performed on whole muzzle and dorsal skin from wild-type, Koa/þ and Koa/Koa mice at E14.0, E16.5, E18.5 and postnatal day 3 (P3). Trps1 expression was significantly reduced in Koa muzzle skin at all timepoints examined, with lower expression in the homozygous mutants than in heterozygous mice (Fig. 3C) . Strikingly, Trps1 expression was reduced by as much as 91.93% in E14.0 (+0.79%; p , 0.0001) and E16.5 (+1.26%; p , 0.0001) Koa/Koa muzzle skin. Similar trends were observed in the dorsal skin, where expression was significantly reduced in Koa samples at E14.0, E16.5 and P3 (Fig. 3C ). Of note, Trps1 expression differences were less extreme in the muzzle and dorsal skin at E18.5, when transcript expression was reduced by 61.47% (+1.98%; p , 0.0001) in Koa/Koa muzzle skin and 59.30% (+4.42%; p ¼ 0.0002) in Koa/Koa dorsal skin (Fig. 3C) . We next assessed differences in Trps1 expression levels between wild-type and Koa/Koa mice during embryogenesis by whole-mount in situ hybridization. At E14.0, Trps1 expression was drastically reduced at all sites of transcript localization in the Koa/Koa mice ( Fig. 4A and B) , including the maxillary region, the anlagen of the rows of vibrissae follicles, the three tactile follicles located in the sinus and supraorbital regions ( Fig. 4C and D) , and the prospective phalanges and joints of the limbs (Fig. 4E and F) . Of note, wild-type embryos have five rows of developing vibrissae follicles (Fig. 4C) , whereas Koa/Koa embryos have only four rows (Fig. 4D) .
We then performed immunofluorescence analysis to examine differences in Trps1 protein expression between Figure 3 . Characterization of the Koa inversion mutation. (A) The Koa phenotype is due to a 51.5 Mb inversion on mouse chromosome 15. The proximal Koa inversion breakpoint was mapped between Trps1 and Eif3s3, 791 kb upstream of Trps1. The distal inversion breakpoint falls between Hoxc4 and Smug1. (B) Southern blot analysis using probe Koa-P14 identified a 2.1 kb band of altered size in a Koa/þ mouse that was not present in its þ/þ littermate. (C) A bar graph depicting quantitative real time-polymerase chain reaction values for Trps1 expression in the muzzle skin (MS) and dorsal skin (DS) at E14.0, E16.5, E18.5 and P3 in wild-type, Koa/þ and Koa/Koa mice. Data are represented as mean + SD. Trps1 expression was significantly reduced in both Koa/þ and Koa/Koa MS at all timepoints examined, with lower expression in the homozygous mutants than in heterozygous mice. Trps1 expression was significantly reduced in both Koa/þ and Koa/Koa samples at E14.0, E16.5 and P3 in the DS. Trps1 expression differences were less extreme in the MS and DS at E18.5.
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wild-type, Koa/þ and Koa/Koa mice during embryogenesis. At E14.0, Trps1 expression was considerably reduced from wild-type expression levels (Fig. 4G ) in the nuclei of dermal cells underlying the developing vibrissae follicles of Koa mice ( Fig. 4H and I) . By E16.5 and E18.5, we observed notable decreases from wild-type Trps1 expression levels ( Fig. 4J and M) in the nuclei of the mesenchymal cells surrounding the vibrissae follicles, the mesenchyme-derived dermal papillae cells, and the proliferating epithelial cells of the lower follicle, including the germinative matrix and precortex, in Koa mice (Fig. 4K, L, N and O) . Interestingly, the vibrissae follicles of Koa/þ (Fig. 4H, K and N) and Koa/Koa (Fig. 4I , L and O) mutant mice were reduced in number and were more widely spaced than in their wild-type counterparts (Fig. 4G, J and M) . In summary, Trps1 expression is markedly reduced in Koa mutant mice at the sites of pathology for the phenotype, as a result of an inversion breakpoint near the gene that recapitulates the level of TRPS1 expression in the Ambras inversion patient.
The Koa inversion alters the pattern of transcription factor binding sites upstream of Trps1
In order to determine the effect of the Koa inversion on the position of transcription factor binding sites in the region of the proximal breakpoint, we compared a 100 bp stretch spanning the breakpoint between wild-type mouse, Koa mouse and human sequences. This region is very well conserved between mouse and human, with 74% of the basepairs identical between the two species (Fig. 5) . Using the AliBaba 2.1 prediction program (http://www.gene-regulation.com/pub/ programs/alibaba2/index.html), we determined that the wild-type mouse sequence contains eight transcription factor binding sites within this region, including SRF, COUP, Elf1, C/EBPdel, GR, ER, C/EBPalp and Oct1. Interestingly, the inversion creates a new Sp1 site, and moreover, translocates three additional Sp1 binding sites within this 100 bp stretch (Fig. 5) , providing a potential mechanism for the observed position effect.
DISCUSSION
The goal of this study was to define the molecular basis of the AS hypertrichosis phenotype using classical genetics. Our results indicate that underexpression of TRPS1 due to a position effect is likely responsible for the AS phenotype. Intragenic mutations in TRPS1 were previously demonstrated to play a causative role in TRPS I (13) . While AS and TRPS type I in humans exhibit opposite hair phenotypes, the affected body sites are essentially the same. Patients affected with both syndromes have hair follicle defects in addition to craniofacial and skeletal abnormalities, including a bulbous tip of the nose, a long philtrum and a thin vermillion border common to both. The nature of these phenotypes suggests that they are likely due to disturbances in the expression of one or more genes active during development. We provide several lines of evidence in humans and mice implicating a position effect on TRPS1 as the cause of hypertrichosis. In support of a position effect, we show that TRPS1 expression is significantly reduced in an Ambras patient with an inversion breakpoint that lies 7.3 Mb from TRPS1. It therefore appears that while loss of TRPS1 function due to intragenic mutations leads to sparse hair, underexpression of the protein owing to a position effect can result in excessive or ectopic hair growth.
Numerous position effect genes have been identified in human diseases with associated breakpoints at a distance of 1 Mb or more from the gene, including FOXC1 in autosomal dominant iridogoniodysgenesis (27) , MAF associated with cataract, ocular anterior segment dysgenesis and coloboma (28) , SHH in preaxial polydactyly (12) and SOX9 in campomelic dysplasia (29) . Furthermore, position effects have been shown to act on either the upstream (5 0 ) or downstream (3 0 ) sides of a gene, and in some instances, on both sides, as is the case for SRY in sex reversal (30, 31) , SHFM1 in splithand/split-foot malformation (32) , and SOX9 in campomelic dysplasia (29) .
Exploiting the comparative genomics approach, we also mapped the Koa inversion breakpoints and found that the proximal breakpoint lies 791 kb upstream of Trps1. The hair abnormalities that were detected in the Koa mutants, in addition to the profound decreases in the expression of both Trps1 transcript and protein levels at sites of wild-type Trps1 expression, indicate that the hypertrichosis phenotype of Koa mice is likely due to a position effect on Trps1, similar to AS in humans.
Interestingly, Koa mice share a number of phenotypic traits with the Trps1 tm1.1Shiv mutant mouse model. As reported here, the vibrissae follicles of Koa mice are reduced in number and more widely spaced than in wild-type mice. Trps1 tm1.1Shiv/tm1.1Shiv mice were reported to completely lack vibrissae follicles at birth (16 Supporting evidence that the Koa phenotype is due to a position effect stemming from the location of the proximal inversion breakpoint near Trps1 comes from the hairy ears (Eh) mutant mouse. Like Koa, the Eh mutation is associated with a paracentric inversion of the distal half of chromosome 15 (33, 34) . Heterozygous Eh/þ mice have small, hairy pinnae, while homozygous Eh/Eh mice die as neonates (33 -36) . Eh þ/þ Koa compound heterozygous mice display characteristics of both mutations, including the small pinna of Eh mice, the bushy muzzle of Koa mice and the hairy ears common to both mutant phenotypes (33, 67) . Crossing of the compound heterozygous mice to wild-type mice generated two recombinant chromosome products: one carrying the Eh proximal inversion breakpoint and the Koa distal inversion breakpoint, and the second with the Koa proximal inversion breakpoint and the Eh distal inversion breakpoint. The former product resulted in mice that were indistinguishable from Eh animals, while the latter produced mice that were phenotypically identical to Koa animals, indicating that the Koa proximal inversion breakpoint is responsible for the dominant hair phenotype observed in these mice (33, 67) .
As is the case for other position effect genes, the phenotype generated by mutations in the coding region of a gene may be distinct from the phenotype caused by disruption of a regulatory element for the same gene. The roles of SHH in (37) . Point mutations in SHH were shown to cause HPE in cases of autosomal dominant inheritance of the condition (38, 39) . In addition to the brain and face, the role of SHH in PPD2 demonstrates that the gene is also involved in establishing the anterior -posterior axis of the limb. PPD2 is a congenital limb malformation resulting in a mirror-image duplication of one or more digits. Shh, which is normally expressed in the posterior of the limb bud in the zone of polarizing activity (ZPA), is ectopically expressed in the anterior region of the bud in mouse models of PPD (40) . This ectopic expression is caused by translocation breakpoints in humans (41), transgene insertions in mice (41), or point mutations in both species in a SHH regulatory element (the ZPA regulatory sequence, ZPS) that lies in intron 5 of the LMBR1 gene approximately 1 Mb from SHH (12). Similar to the situation for SHH, intragenic mutations in TRPS1 and the position effect described in this study result in different phenotypes, although within the same organs. Unlike SHH, in the case of TRPS1, the sites of pathology in these phenotypes are precisely colocalized, underscoring the importance of TRPS1 in hair development. While there are a number of common characteristics shared between the three AS patients described in this study, some subtle phenotypic differences exist. The first AS patient discussed, patient ME-1, was originally reported to have facial hypertrichosis in which the forehead, nose, cheeks, eyelids and preauricular region were evenly covered with hair, with additional excessive hair on the external ears (1). The second patient, SS-1, had a slightly different hair distribution, with no hypertrichosis of the nose and only mild hypertrichosis of the ears. Furthermore, the distribution of hair on the patient's face was not uniform (2, 7, 8) . Finally, patient BN-1 was also reported to have facial hypertrichosis, especially pertaining to the eyebrows. However, excessive hair on the nose, cheeks and ears was absent. In addition, this patient possessed multiple exostoses and skeletal defects in both the spine and hands (3), which were not observed in the two aforementioned patients. As phenotypic heterogeneity can result from the exact same mutation in different individuals (42) , it is perhaps not surprising that different chromosomal aberrations within the same vicinity could result in slight variations in phenotype. The subtle differences in phenotype between the three AS patients discussed here may result from the disruption of different regulatory elements in each case. Depending on the nature of the regulatory mutation, TRPS1 expression may be affected at different times in various tissues during development, resulting in the observed phenotypic heterogeneity.
Phenotypic differences also exist between AS and TRPS I patients. In addition to disparities in hair density and distribution, TRPS I patients exhibit skeletal abnormalities that are not characteristic of AS, including cone-shaped epiphyses at the phalanges, hip malformations and short stature (19 -21) . As the position effect described in this study likely disrupts a TRPS1 regulatory element(s), expression of the protein may only be affected in a subset of tissues at very distinct developmental timepoints, providing an explanation for why a bone phenotype like that found in TRPS I is not observed in all of the AS patients. Furthermore, mutations in TRPS1 found in families with TRPS I have previously been shown to encode proteins that dominantly antagonize the wild-type protein (14) . In these cases, essentially no functional, wildtype protein remained. As we have demonstrated for AS, however, patient ME-1 still expresses TRPS1 transcripts, albeit at a very low level (2.65 + 0.16% of wild-type levels).
There are therefore many possible explanations for the differences in hair phenotypes between patients with TRPS I and those with AS. One explanation is that TRPS1 is a transcription factor capable of acting as both a transcriptional repressor and/or activator, depending on the context and amount of protein present. A second possibility is that TRPS1 is capable of binding to numerous cofactors with various functions. Still a third possibility is that TRPS1 transcriptionally regulates both genes that activate and repress hair growth, to varying degrees. In the case of AS, where low levels of TRPS1 transcript are present, these balances of transcriptional regulation may be skewed, resulting in an excessive hair phenotype. Additional studies are necessary to define the precise function of TRPS1 in the context of hair follicle growth.
Similarly, while both Koa and Trps1 tm1.1Shiv mice have abnormal muzzle hair (hypertrichosis in the case of Koa and hypotrichosis in the case of Trps1 tm1.1Shiv ) Koa mice have an additional hypertrichosis phenotype of the ear, while Trps1 tm1.1Shiv mice also exhibit hypotrichosis of the pelage hair. Furthermore, Trps1 tm1.1Shiv mice have a number of skeletal defects reminiscent of TRPS I in humans that are not found in Koa mice (16) . In order to establish whether regulatory elements that control Trps1 transcription are disrupted in Koa mutant mice, we determined the location of transcription factor binding sites in a highly-conserved region spanning the proximal inversion breakpoint in wild-type and Koa mice. Interestingly, the inversion creates a new Sp1 binding site and places three additional Sp1 sites within this 100 bp region. Sp1 is a zinc finger transcription factor that regulates expression by binding to GC-box and GT-box sequences in the promoter region of target genes (43 -45) . Whereas Sp1 expression is ubiquitous in the mouse embryo, higher expression levels are detected in specific cell types during development, such as developing hematopoietic cells, fetal cells and spermatids (46) . While most commonly functioning as a transcriptional activator (47, 48) , Sp1 has also been shown to act as a transcriptional repressor (49) , with the ability to recruit additional factors that fine-tune transcriptional activity (50 -52) . Interestingly, when numerous Sp1 binding sites are present in the promoter of a gene, Sp1 has the capacity to form multimers. These protein -protein interactions loop the intervening DNA, and have been shown to join Sp1 sites over long distances (53, 54) . In the context of the Koa inversion, we postulate that the additional Sp1 sites created by the inversion may act to repress Trps1 transcription during development, possibly in conjunction with the multiple Sp1 sites present in the promoter of the gene. The potential regulation of Trps1 by Sp1 provides insight into a possible mechanism of transcriptional control of Trps1 expression during development.
In a broader context, syndromes involving hypertrichosis are believed to represent examples of atavism in humans, Human Molecular Genetics, 2008, Vol. 17, No. 22 3547 defined as the recurrence of an ancestral phenotype (55, 56) . The amount of hair covering the human body is noticeably reduced when compared with other primates (57) . Furthermore, the human primary hair follicle is unique in its ability to generate diverse hair shaft types of different caliber and length during different stages of life, such as scalp hair, eyebrows, eyelashes and secondary sexual hairs (58, 59) . It may be the case that genes promoting a fuller coat of hair in other mammals-genes that have been silenced during evolution, possibly through repression by TRPS1-have been unmasked in Ambras hypertrichosis. While the molecular basis of hair follicle induction is not fully defined, the work presented here indicates that TRPS1 may play a crucial role in determining the extent of hair distribution and growth, while disruption of its expression can result in a unique excessive hair phenotype across species.
MATERIALS AND METHODS
Human cytogenetic analysis
Transformed lymphoblast cell lines were generated for patients ME-1, SS-1 and their unaffected parents by EpsteinBarr virus transformation using standard procedures (60). FISH analysis was performed as previously described (5).
Human deletion (LOH) analysis
Genomic DNA was isolated from lymphoblastoid cell lines using the QIAGEN Blood and Cell Culture DNA Maxi Kit (Qiagen Inc., Valencia, CA, USA). For PCR-based genotyping with polymorphic microsatellite markers, 100 ng of genomic DNA was amplified using Invitrogen Platinum Taq PCR Supermix (Invitrogen, Carlsbad, CA, USA) in a cocktail containing 10 pmol primers in a 26 mL reaction volume. The following protocol was used for PCR amplification of genomic DNA: step 1: 958C for 5 min; step 2: 948C for 30 s; step 3: 558C for 30 s; step 4: 728C for 30 s; repeat steps 2 -4 for 35 cycles; step 5: 728C for 10 min. PCR products were resolved on non-denaturing 6% polyacrylamide sequencing gels (0.75 mm thick) and visualized by ethidium bromide staining. The sequences of commercially available microsatellite markers can be found in the Genome Database website (http://www.gdb.org). TAGA is an intragenic marker for TRPS1 (61). 46F10CA is an intragenic marker for EXT (62).
Human southern blot analysis
A TRPS1 cDNA probe was labeled with [a 32 P]dCTP in a random priming reaction using Stratagene Prime-It II Random Primer Labeling Kit (Stratagene, La Jolla, CA, USA). For Southern analysis, 10 mg of genomic DNA was treated with the appropriate restriction enzyme and resolved on a 0.7% agarose gel. Southern transfer was performed according to standard laboratory procedures (63) .
Mouse cytogenetic analysis
Several BAC clones, including RPCI23-304J12 and RPCI24-161E24, were used as FISH probes on metaphase chromosome spreads prepared from Koa/þ mouse spleen cells. FISH analysis was performed as previously described (64) .
Mouse Southern blot analysis and inversion breakpoint sequences determination
The Koa-P14 probe was amplified by PCR using BAC clone RPCI23-304J12 as a template. The following primers were used-F: 5 0 -GATTCAGTGTCTGCAATATCCAAG-3 0 R: 5 0 -CAGTAGTCTCGGTTTTGTCCTTTT-3 0 . The probe was labeled with Fl-dUTP in a random priming reaction using Gene Images Random Prime Labeling Kit (Amersham Biosciences, Piscataway, NJ, USA) and detected using the CDP-Star Detection System (Amersham Biosciences). For Southern analysis, genomic DNA was isolated from spleens snap-frozen in liquid nitrogen, digested with the appropriate restriction enzymes and resolved on a 0.8% agarose gel. Southern transfer was performed according to standard laboratory procedures (63) .
After HindIII and XhoI digestion, probe Koa-P14 identified a 2.1 kb band of altered size which was cloned into a pBlueScript SKþ plasmid (Stratagene). Both ends of the insert were sequenced using T7 and T3 primers. Genomic sequence alignment indicated that 87 bp from the T3 primer sequence were located in the middle of chromosome 15, confirming that the clone contained the distal breakpoint (GenBank accession no. AY757365, http://www.ncbi.nlm.nih.gov/Genbank/ index.html) from the inversion-bearing chromosome. The sequence of the proximal breakpoint (GenBank accession no. AY757366) was determined by PCR amplification of the Koa proximal breakpoint fragment using the following primers-KoaProx-4F: 5 0 -GAAATGACAGTGAGCTTGCT AAAA-3 0 ; KoaProx-4R: 5 0 -CCTAAGAATGACCTTGT AGGGACT-3 0 . The PCR product was electrophoresed on an agarose gel and the 1.8 kb band was cut and purified using the QIAquick w Gel Extraction Kit (Qiagen). Direct sequencing of the purified PCR product was performed using primers KoaProx-4F and KoaProx-4R.
Quantitative RT-PCR
First-strand cDNA was synthesized from human lymphoblast total RNA, whole dorsal mouse skin total RNA or whole mouse muzzle skin total RNA using Oligo (dT) primer and SuperScript TM III RT (Invitrogen) according to the manufacturer's instructions. Real-time PCR (RT-PCR) was performed on an ABI 7300 machine and analyzed with ABI Relative Quantification Study software (Applied Biosystems, Foster City, CA, USA). Primers were designed according to ABI guidelines and all reactions were performed using Power SYBR w Green PCR Master Mix (Applied Biosystems), 250 nM primers (Invitrogen) and 100 ng cDNA in a 20 mL reaction volume. The following protocol was used-step 1: 508C for 2 min; step 2: 958C for 10 min; step 3: 958C for 15 s; step 4: 608C for 1 min; repeat steps 3 and 4 for 40 cycles. All samples were run in quadruplicate for three independent runs and normalized against an endogenous internal control, b-2-microglobulin. PCR products were electrophoresed on a 1% agarose/TBE gel containing ethidium bromide 
Scanning electron microscopy
Scanning electron microscopy was performed as described previously (65) . Briefly, whole ears of 27-day-old male mice were fixed overnight at 48C by immersion in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). After multiple rinses in phosphate buffer, samples were post-fixed in 1% osmium tetroxide in phosphate buffer for 48 h at 48C. Samples were dehydrated in an ethanol series, critical point dried, mounted and sputter-coated with a 4 nm layer of gold. Inner ear samples were analyzed on a Hitachi S3000N VP Scanning Electron Microscope (Hitachi Science Systems, Japan).
Hair plucking and muzzle hair length determination
Hairs were manually plucked from the muzzle or forehead of þ/þ and Koa/þ 8-week-old female littermates and photographed using a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI, USA) fitted onto an SV11 Stemi stereomicroscope (Carl Zeiss, Thornwood, NY, USA). The length of straight (n ¼ 72) and vibrissae hairs (n ¼ 24) from þ/þ and Koa/þ muzzles were measured.
Whole mount in situ hybridization
A 700 bp cDNA in situ hybridization probe template in the first exon of Trps1 was amplified by PCR from an mTrps1/ pCS vector (generous gift of Dr Ramesh Shivdasani, DanaFarber Cancer Institute, Harvard Medical School, USA). The following primers were used-F: 5 0 -GCCAACAGCTACAG AGAGCA-3 0 R: 5 0 -CCTGGTGCGATTATGCAGTC-3 0 . The PCR product was cloned into the pCRII dual promoter (T7 and SP6) vector (Invitrogen) and standard procedures were followed for the preparation of DIG-labeled cRNA (Roche Applied Science, Indianapolis, IN, USA) anti-sense (AS) and control sense (S) probes. In situ hybridization was performed on E14.0 embryos as per detailed published protocols (66) . The embryos were photographed using an HRC Axiocam fitted onto an SV Stemi stereomicroscope (Carl Zeiss).
Immunofluorescence
A rabbit TRPS1 antibody (generous gift of Dr Ramesh Shivdasani, Dana-Farber Cancer Institute, Harvard Medical School) was used for immunofluorescence analysis. Frozen sections of whole mouse muzzle skin were fixed in 4% paraformaldehyde/0.1% Triton-X for 10 min and washed in phosphatebuffered saline (PBS). The sections were then blocked for 1 h in 10% heat-inactivated goat serum (HIGS)/PBS and incubated overnight at 48C in primary antibody (TRPS1, 1:5000) diluted in 1% HIGS/PBS. After washing in PBS, the sections were incubated in an Alexa Fluor w 488 goat anti-rabbit IgG (Molecular Probes w , Invitrogen) secondary antibody (1:500) diluted in 1% HIGS/PBS. Sections were mounted in VECTA-SHIELD w mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA) and photographed using an HRC Axiocam fitted onto an Axioplan2 fluorescence microscope (Carl Zeiss).
